1. The methods for the assay of choline acetyltransferase were based on the reaction between labelled acetyl-CoA and unlabelled choline to give labelled acetylcholine. 2. Both synthetic acetyl-CoA and acetyl-CoA formed from sodium [1-l4C]acetate or sodium [3H] acetate by incubation with CoA, ATP, Mg2+ and extract from acetone-dried pigeon liver were used. 3. [1-14C]Acetylcholine was isolated by extraction with ketonic sodium tetraphenylboron. 4.
[3H]Acetylcholine was precipitated with sodium tetraphenylboron to remove a ketone-soluble contaminant in sodium [3H] acetate and then extracted with ketonic sodium tetraphenylboron. 5. The values of choline acetyltransferase activity obtained in the presence of sodium cyanide or EDTA and synthetic acetyl-CoA were similar to those obtained with acetyl-CoA synthesized in situ. 6. The assay of acetylcholinesterase was based on the formation of labelled acetate from labelled acetylcholine. The labelled acetylcholine could be quantitatively removed from the acetate by extraction with ketonic sodium tetraphenylboron. 7. The methods were tested with samples from central and peripheral nervous tissues and purified enzymes. 8. The blank values for choline acetyltransferase and acetylcholinesterase corresponded to the activities in 20ng. and 5ng. of brain tissue respectively. ChAc* and AChE are important enzymes in nervous tissue because of their role in the synthesis and hydrolysis of the chemical transmitter substance acetylcholine. ChAc catalyses the formation of acetylcholine from acetyl-CoA and choline; AChE catalyses the hydrolysis of acetylcholine to acetate and choline. The introduction of radioactively labelled substrates has provided sensitive and accurate assay methods for these enzymes. Radiochemical methods for the assay of ChAc depend on the separation of the synthesized labelled acetyleholine from radioactive substrates such as acetyl-CoA and acetate and from by-products. This has been achieved by precipitation of acetyleholine with reineckate (McCaman & Hunt, 1965) , sodium tetraphenylboron (Fonnum, 1966) or periodide (Goldberg, Kaita & McCaman, 1969) , by isolation of acetyleholine by electrophoresis (Potter, Glover & Saelens, 1968; Giller & Schwartz, 1968) , or by removing labelled anions from acetylcholine with an anion-exchange column (Schrier & Schuster, 1967) . The only method that has been applied to * Abbreviations: ChAc, choline acetyltransferase (acetylCoA-choline O-acetyltransferase, EC 2.3.1.6); AChE, acetylcholinesterase (acetylcholine acetyl-hydrolase, EC 3.1.1.7).
microgram quantities of tissue is the method of McCaman & Hunt (1965) , and a modification of this (Buckley, Consolo, Giacobini & MeCaman, 1967) .
Labelled acetylcholine was first used as substrate for AChE by Winteringham & Disney (1964) . Sensitive micro methods depending on the separation of labelled acetate from labelled acetylcholine have been devised involving either extraction of acetic acid with pentanol in toluene (Potter, 1967) or removal of the radioactive acetyleholine by precipitation with reineckate (MeCaman, Tomey & MeCaman, 1968) .
To determine the activities of ChAc and AChE in micro-dissected samples from thin freeze-dried sections of brain, it was necessary to develop more sensitive and less cumbrous assay methods for these enzymes. The methods were based on the observation that acetylcholine could be isolated from aqueous solutions by liquid cation exchange by using sodium tetraphenylboron in an organic solvent (Fonnum, 1968a (Fonnum, , 1969 Enzyme preparations Homogenates (5%, w/v) of rat cerebrum and cerebellum were prepared in 1 mM-EDTA buffer, pH 7-0, in a PotterElvehjem homogenizer. The clearance between pestle and wall was 0-2mm., and the pestle was rotated at 1440rev./ min. Homogenates (5%, w/v) of rat diaphragm and sciatic nerve were prepared in an Ultra-Turrax homogenizer (Janke und Kunkel K. G., Bremen, Germany). The knife rotated at 20000rev./min. for three periods of 15sec. All samples were treated with 0-5% Triton X-100 to release full enzyme activity (Fonnum, 1966 Standqrd assay procedure for ChAc The incubation volume in the macro procedure was 1 ml. and it was 2 ,ul. in the micro procedures. When the incubation volume was 2pl., 1 0lJ. of cyclohexane was added as a cover to prevent evaporation (Buckley et al. 1967 Micro procedure based on [1-14C]acetyl-CoA. The procedure was used for purified enzymes and samples with low activities. The incubation mixture consisted of (final concns.): 0-1 mM-[j14C]acetyl-CoA, 10mM-EDTA (sodium salt) or -NaCN, 10mm-choline, 300mM-NaCl, 50mM-sodium phosphate buffer, 0-1 mM-eserine salicylate and albumin (0-5mg./ml.). The final pH was 7-4. After incubation the conical tube was transferred to a 10ml. centrifuge tube 466 1969 SYNTHESIS AND HYDROLYSIS OF ACETYLCHOLINE containing 7ml. of 10mM-sodium phosphate buffer, pH 7-4, and 0-25mg. of acetylcholine, and the contents were washed into the large tube. The acetylcholine was extracted with 1 ml. of butyl ethyl ketone containing 15mg. of sodium tetraphenylboron. The radioactivity in the ketone layer was tested without further washing. Micro assay based on sodium [3H]acetate. The procedure was only used for samples with low activities. The incubation mixture contained (final concns.): 1-3mM-sodium [3H]-acetate, extract from 2-5,ug. ofacetone-dried pigeon liver/,Jl.
of incubation mixture, and otherwise as described under 'Macro procedure'. The incubation mixture without choline was preincubated for 15min. to preform acetyl-CoA. The reaction was started by adding the incubation mixture containing choline to small conical tubes containing the enzyme preparation. At the end of the incubation the conical tube was transferred to a large centrifuge tube containing 7ml. of acetylcholine chloride solution (0-5mg./ 7 ml.), and the contents were washed into this tube. Then 1 ml. of sodium tetraphenylboron in water (15mg./ml). was added and the solution left for 15min. to ensure that all the acetylcholine was precipitated. The precipitate was centrifuged down in a swing-out head at 3000g for 6min. and the clear supernatant discarded. To the tube was added 1 ml. of butyl ethyl ketone containing 15mg. of sodium tetraphenylboron and 7ml. of 10mM-sodium phosphate buffer, pH7-4. After shaking for 3min. the precipitate was dissolved and the acetylcholine was extracted into the ketone layer. After centrifugation the radioactivity in the ketone layer was determined as described above. The counting efficiency was about 8%.
Standard assay procedure for AChE Xicroassay procedure. The incubation mixture contained (final concns.): 0-5mM-[1-'4C]acetylcholine, 20mM-sodium phosphate buffer, pH 7-2, and bovine serum albumin (0-8mg./ml.). The final incubation volume was 2-5,ul. and the incubation was carried out at 300 for 1 hr. After incubation, the contents of the incubation tubes were transferred into small centrifuge tubes containing 0-5ml. of 10mM-sodium phosphate buffer, pH7-4. The acetylcholine was removed by shaking with 0-5ml. of butyl ethyl ketone or di-isobutyl ketone containing 15mg. of sodium tetraphenylboron. After centrifugation the ketone layer was sucked off and the aqueous phase washed once more with ketonic sodium tetraphenylboron. A sample of the final aqueous layer was counted with 4ml. of ethanol and lOml. oftoluene scintillation mixture. The counting efficiency was 78%.
Extraction efficiency
The percentage of acetylcholine extracted may be calculated from the following equation (Fonnum, 1969): solvents were therefore compared to see in which the highest sample/blank (heat-inactivated brain homogenate) activity ratio was obtained. Unlabelled acetylcholine was added to avoid adsorption of radioactive acetylcholine on the homogenate. The results showed that butyl ethyl ketone was a slightly better solvent than butyronitrile, benzyl alcohol and di-isobutyl ketone (Table 1 ). The differences in activities in the samples are due to differences in counting efficiencies. In addition both butyronitrile and benzyl alcohol were much more water-soluble. Since the acetylcholine-tetraphenylboron complex was only slightly soluble in diisobutyl ketone, this solvent was only considered for micro assays. The extraction procedures were less tedious and gave considerably lower blank values than those obtained by precipitation of acetylcholine with sodium tetraphenylboron and washing the precipitate with ether (Fonnum, 1968b) . The extracted radioactivity was identified as acetylcholine by electrophoresis (Fonnum, 1969) . Also, samples containing purified acetylcholinesterase instead of choline and eserine (physostigmine) gave values corresponding to the blank.
Nearly all the acetylcholine was recovered by the three isolating procedures (Table 2) , and the percentages of acetylcholine found (94 and 95%) agreed well with the values of 94 and 96% determined from the above equation. The recoveries of acetylcholine in the macro method were found to be independent of the amount of homogenate. Since the butyl ethyl ketone is slightly soluble in water, and therefore some ketone (about 5%) is lost in the aqueous phase, the c.p.m./ml. of ketone was practically unchanged. The values obtained were therefore always used without compensating for any loss on recovery.
Less than 0-1% of the radioactivities of sodium [1-14C] Addition of sodium cyanide and EDTA, but not ue with the micro procedure magnesium chloride to the incubation medium rlcholine was isolated either (Table 3 ) increased the ChAc activity in rat homo-'traphenylboron in organic genate and in purified enzyme preparations from h sodium tetraphenylboron cat, rat and guinea pig brain, to a value similar to (Fig. 2) . The enzyme activities were expressed in c.p.m. to give *an impression of the radioactivity in samples compared with the blank value. In the macro procedure a linear correlation was obtained for 0-1-15mg. of brain homogenate. The corresponding ranges were 0.1-10, 0-05-2-5 and 0 025-1 jig. of brain wet wt./,zl. [ (Hebb, 1963; Fonnum, 1966) .
The blank values obtained on replacing the enzyme with heat-inactivated tissue were similar to those obtained on replacing it with water. The blanks were equivalent to 0-5nmole of acetylcholine/ml. of incubation mixture for the macro method and about 0-30, 0-25 and 0'15 pmole of acetylcholine/,ul. of incubation volume for the micro procedures based on The only factor limiting the sensitivity of the AChE assay was the contamination of acetylcholine by radioactive acetate as a result of the spontaneous hydrolysis of acetylcholine during incubation and of slow hydrolysis during storage. The latter source of acetate could be excluded by chromatography ofthe acetylcholine solution before assay. The non-enzymically formed acetate is proportional to the concentration of radioactive substrate and could be decreased by selecting an assay mixture of low ionic strength. The optimum substrate concentration with 100mM-sodium phosphate buffer was 2 5mM-acetylcholine, whereas with 20mi-phosphate buffer it was lowered to 0-5mM (Table 5 ). The enzyme activity under the latter conditions was 85% of that with the 100mM-phosphate buffer, and the corresponding blank was decreased to 20%. Under the latter assay conditions the enzymic hydrolysis was linear for 3hr. (Fig. 3a) and linear for 0-005-0.1 ,ug. wet wt. of brain tissue.
About 50% ofthe total substrate may be hydrolysed without any significant effect on enzyme activity (Fig. 3b) .
Similar blank values were obtained when samples from rat cerebra, diaphragm and sciatic nerve were replaced with heat-inactivated tissue or water or inhibited with 0 1 mM-eserine. The AChE activities found in rat cerebrum, diaphragm and sciatic nerve by this method were 600, 95 and 120 ,umoles/hr./g. of wet tissue respectively. [14C] acetate that a much higher specific radioactivity may be obtained. It is, however, less stable, and therefore a more complicated isolation procedure is recommended. The method is therefore only useful for samples with low ChAc activities. The blank values for the two methods based on labelled acetate were mostly due to traces of ChAc activity in acetone-dried pigeon liver. This is avoided by using synthetic acetyl-CoA, but this modification suffers from the disadvantage of giving slightly lower values; also, the high cost of the reagent limits its use to micro assays only.
The methods based on labelled acetate were successfully applied in the topographical localization of ChAc in the various layers of rat brain hippocampus, for assay of 0-02-0-5,ug. dry wt. (F.
Fonnum, unpublished work). The macro procedure was used to study the distribution of ChAc in rat muscle and electric fish (Gnaithonemu8 peter8ii) (Israel & Gautron, 1969) . The modification based on acetyl-CoA is particularly suitable for studying enzymic properties such as the activation of ChAc by ions in the absence or presence of membranes (Fonnum, 1968b) .
The blank values were independent of the tissues studied and seem to be lower than for other methods published. They are: for the macro procedure, 0-5 nmole ofacetylcholine/ml. of incubationmixture, and for the micro methods, in the range of 0-1-0 3 pmole of acetylcholine/pl. ofincubation mixture, which corresponds to 002-0-05,ug. wet wt. of brain tissue.
The use of synthetic acetyl-CoA in the assay of ChAc activity has particularly been advocated by McCaman. The values of ChAc activity published by McCaman and co-workers (McCaman & Hunt, 1965; Buckley et al. 1967; Goldberg et al. 1969) were, however, much lower (2-4,umoles of acetylcholine/hr./g. of rat brain) than those obtained with acetyl-CoA formed in 8itu (5-8,umoles of acetylcholine/hr./g.) as demonstrated in this paper and found in the literature (summarized by Fonnum, 1966) . Morris (1967) was successful in obtaining similar values for ChAc activity with incubation media containing thioglycollate or sodium cyanide and synthetic acetyl-CoA as with a medium where acetyl-CoA was formed in 8itu by the phosphate acetyltransferase system. The results were obtained with enzymes purified from human placenta and from the elasmobranch Torpedo.
The present work suggests that the low values previously obtained with synthetic acetyl-CoA Vol. 115 471 472 F. FONNUM 1969 might be due to an inhibitory contaminant in some acetyl-CoA preparations ( Fig. 1) and to the absence of a protective compound such as sodium cyanide or EDTA in the assay medium (Table 3 ). The latter two compounds, particularly sodium cyanide, enhanced ChAc activity when assayed with synthetic acetyl-CoA but not when assayed with acetyl-CoA formed in situ. The effects of these compounds are most probably due to protection of the enzyme in the presence of synthetic (impure) acetyl-CoA, perhaps by the formation of complexes with metal ions.
The present assay method based on synthetic acetyl-CoA is less laborious than those based on isolation of acetylcholine by precipitation (Buckley et al. 1967; Goldberg et al. 1969 ). The two latter methods gave blank values which corresponded to 0-15 and 010 tOg./ul. respectively, compared with 0 02 ,tg. of brain tissue/ul. of incubation mixture in the present method. About 0-9% of the radioactivity in the acetyl-CoA preparation contaminated the acetylcholine after reineckate precipitation (Buckley et al. 1967 ) compared to 0-1% in the present method.
The sensitivity of the AChE assay method is comparable to those of other recently published methods (Potter, 1967; . The labelled acetate is contaminated by 0.2-0.4% of the original concentration of labelled acetylcholine after a single extraction with pentanol and toluene (Potter, 1967) (1968) , which gives a high recovery of acetate, is more laborious. The present method, which easily removes the acetylcholine and recovers a high percentage of the acetate seems to offer an advantage in methodology. The use of a phosphate buffer of low molarity, which lowers the optimum substrate concentrations, gives a higher degree of sensitivity than the other methods. The effect of ionic strength on the kinetics of AChE has been studied in detail by Myers (1952) . The method has been used to stuidy the topographical distribution of AChE in various layers in rat hippocampus with samples of 0 02-01 ,ug. dry wt. (J. Storm-Mathisen, unpublished work).
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